Early growth, nodule development, and nitrogen fixation by two cultivars of cowpea (Vigna ungukulata L. Walp), one largeseeded (Vita 3; 146.0 ± 0.9 milligrams seed dry weight, 4.1 ± 0.2 milligrams seed N), the other small-seeded (Caloona; 57.5 ± 2.5 milligrams seed dry weight, 1.8 ± 0.1 milligrams seed N), were compared under conditions of sand culture with nutrient solution free of combined N. The seed stocks used had been obtained from plants uniformly labeled with 15N, thus enabling changes with time in distribution of cotyledon and fixed N among plant parts to be measured by isotope dilution. Caloona, but not Vita 3, showed physiological symptoms of 'N hunger,' i.e. transient loss of chlorophyll (visible yellowing) and N from the first-formed unifoliolate leaves at or around the onset of symbiotic functioning and N2 fixation. The smaller-seeded Caloona showed higher early nitrogenase activity than the larger-seeded Vita 3 and by 28 days (14) have suggested that the N-hunger state exhibited by many legume species ofepigeal germination habit (e.g. Phaseolus vulgaris and Glycine max) is due to (a), the first fixed N being sequestered for nodule development rather than nutrition of shoot organs, and (b), the much greater proportional commitment of seed reserves of N to first foliage leaves in comparison to those of hypogeal species. While other factors (4, 13) may condition the relative rates of root and shoot development (see 14), and as a consequence the extent of N limitation, it seems clear that the simultaneous development of nodules and leaves places substantial competitive demands on the allocation of initial N resources. Hence, it has been commonly reported that application of low levels of combined N to seedlings, normally susceptible to N-hunger, alleviates their transient yellowing and may stimulate nodulation and N2 fixation (7, 10) . Although the detailed explanation for this effect remains unresolved, it seems reasonable to conclude that the nodules of many fully symbiotic plants are N rather than C limited (15).
from plants uniformly labeled with 15N, thus enabling changes with time in distribution of cotyledon and fixed N among plant parts to be measured by isotope dilution. Caloona, but not Vita 3, showed physiological symptoms of 'N hunger,' i.e. transient loss of chlorophyll (visible yellowing) and N from the first-formed unifoliolate leaves at or around the onset of symbiotic functioning and N2 fixation. The smaller-seeded Caloona showed higher early nitrogenase activity than the larger-seeded Vita 3 and by 28 days Sprent and Thomas (14) have suggested that the N-hunger state exhibited by many legume species ofepigeal germination habit (e.g. Phaseolus vulgaris and Glycine max) is due to (a), the first fixed N being sequestered for nodule development rather than nutrition of shoot organs, and (b), the much greater proportional commitment of seed reserves of N to first foliage leaves in comparison to those of hypogeal species. While other factors (4, 13) may condition the relative rates of root and shoot development (see 14) , and as a consequence the extent of N limitation, it seems clear that the simultaneous development of nodules and leaves places substantial competitive demands on the allocation of initial N resources. Hence, it has been commonly reported that application of low levels of combined N to seedlings, normally susceptible to N-hunger, alleviates their transient yellowing and may stimulate nodulation and N2 fixation (7, 10) . Although the detailed explanation for this effect remains unresolved, it seems reasonable to conclude that the nodules of many fully symbiotic plants are N rather than C limited (15) .
In this study, seedlings of two cultivars of cowpea, a species showing epigeal germination, were compared. The smallerseeded, Caloona, showed clear symptoms of N-hunger when grown in N-free medium, whereas the larger-seeded type, Vita 3, did not. In each case, the seed used had been uniformly labeled with '5N during development so that, by measuring isotope dilution following germination, the allocation of seed N and fixed N to organ development could be measured separately.
Seedlings of many grain and pasture legume species, when infected with Rhizobium and cultured under conditions of little or no combined N in their rooting medium, exhibit a transient yellowing of their foliage generally termed the 'Nhunger' state or condition (5, 6, 8, 16) . This period ofapparent N-deficiency occurs after the initial distribution of seed N to the component organs of the young seedling has been mostly accomplished, but before significant amounts of fixed N have been exported from nodules. Species which do not exhibit an N-hunger phase have been presumed to have developed an exporting complement of nodules before the seedling's seed reserves have been exhausted (e.g. Pisum sativum [11] , Vicia faba [14] ), thus promoting a smoother nutritional transition to full autotrophy for N. ' Chi Assay Chl a and b were measured together by the method of Arnon (1) using 80% (v/v) acetone extracts of freshly harvested unifoliolate leaf material.
RESULTS
Dry seeds of the cowpea cultivar Vita 3 were almost 2.5 times the mass of those of Caloona (146.0 ± 0.9 and 57.5 + 2.5 mg, respectively) and contained over 2.4 times more N (4.14 ± 0.19 and 1.76 ± 0.08 mg N, respectively; values are means ± SE, n = 10). Thirteen d after planting, the cotyledons of each cultivar had abscised, the unifoliolate pair of leaves was fully expanded, and the first trifoliolate leaf had emerged ( Fig. 1) . At this time, nodules could be readily sampled from the roots of each cultivar. The slight increase in total plant N, above that of the dry seed, indicated that N2 fixation had been initiated (Fig. 1, B and D) . During the subsequent 15 d, dry weight and total plant N of seedlings of both cultivars increased, and three trifoliolate leaves were expanded (Fig. 1) . However, the proportional increase in N ofthe smaller-seeded Caloona was significantly greater than that of Vita 3 (Fig. 1 (Table  II) indicated that, after 13 d, Vita 3 had a slightly higher rate of N2 fixation than Caloona. However, expressing N fixed in terms ofexpenditure ofcotyledon N in seedling establishment, Caloona showed a greater return on investment with a fixation capacity more than twice that of Vita 3 (10.6 mg N fixedmg-' in Caloona versus only 5.3 mg N * (mg seed N)-' in Vita 3).
The percentage distribution of cotyledon and fixed N among seedling parts (Fig. 2) showed marked differences between the two cultivars in their initial allocation of cotyledon N, and especially in the subsequent remobilization of this N once nodule fixation had begun (Fig. 2A) . By 13 d, more than half of the cotyledon N in each cultivar was recovered in the expanded unifoliolate pair of leaves. This proportion then fell progressively in Vita 3 to less than 40% by 28 d. The unifoliolate leaf N of Caloona proved to be extremely mobile, falling sharply to 15% of total cotyledon N at 18 d, then rising to more than 45% at 23 d before falling again (Fig. 2B) The '5N dilution data indicated that cotyledon N lost from the unifoliolate leaves of Caloona was apparently transferred to nodules and the expanding first trifoliolate leaf, while that transferred inititially from unifoliolate leaves to stem plus petioles was subsequently lost back to the unifoliolate leaves by 23 d (Fig. 2A) .
In a more detailed study of the changing N status of the unifoliolate leaves of Caloona, a sharp transient decline in N of almost 60% took place between 8 and 14 d after sowing (Fig. 3A) , while in Vita 3 there was a slow decline in N content (Fig. 3B) as their dry weight increased. Accompanying the transient change in N in Caloona, the Chl content declined by almost 80% over the period 8 to 17 d before leaves regreened over the period 17 to 24 d, coincident with the arrival of newly fixed N in the leaf (Fig. 3) . By comparison the unifoliolate leaves of Vita 3 showed no change in Chl content up to 35 d.
Apart from the sharp changes with time in the amounts of fixed N resident in unifoliolate leaves of Caloona accompanying the transient overall loss of N from these leaves, the distribution of fixed N between organs (Fig. 2B) was rather similar for the two cultivars. In each case, the three trifoliolate leaves in turn became major sinks for N, so that by 28 d more than 50% of the newly fixed N in the plant was localized in these major photosynthetic organs (Fig. 2B) .
A further marked difference between the cultivars related to the distribution of cotyledon N between component belowground organs. Although the proportion of total cotyledon N in roots plus nodules was similar for each cultivar at comparable sampling times, Caloona consistently showed a greater amount of cotyledon N in nodules than roots, while the reverse applied to Vita 3 ( Fig. 2A) . As a corollary of this, Vita 3 allocated a proportionally much greater contribution of cotyledonary N to nodule development than Caloona (Fig.  2A) . Xylem sap was collected as root bleeding exudate from Vita 3 seedlings at 12 d after sowing, from Caloona after 13 d, and from both cultivars thereafter up to 28 d. Enrichments of the sap with '5N indicated that the majority of N in xylem was at first from the cotyledons, but that this proportion fell rapidly. By 21 d, over 98% of the N in xylem of both cultivars came from N2 fixation (Fig. 4) .
DISCUSSION
The smaller-seeded cultivar used in this study, Caloona, exhibited an obvious and severe period of N-hunger during which the unifoliolate leaves became yellow and declined in N content (Figs. 1 and 3A) , before regreening and accumulating N. Unifoliolate leaves of seedlings of the larger-seeded cultivar, Vita 3, showed a slow decline in N content as their dry weight increased with age but no sharp transient changes in either N or Chl. The transient withdrawal of N from the first-formed unifoliolate leaves ofCaloona was shown to begin coincident with the start of fixation and to continue over a period of several days when fixed N was being exported to the same photosynthetic organs (Fig. 2B) 
